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Abstract 
Burkholderia pseudomallei is a saprophyte found in soil and stagnant water and is the 
causative agent of human melioidosis, an often fatal disease. B. pseudomallei is intrinsically 
resistant to many antibiotics. The stringent response is a global bacterial adaptation process in 
response to nutritional limitation and is mediated by the alarmone (p)ppGpp, which is produced 
by two proteins, RelA and SpoT. In order to test whether the stringent response is involved in 
ceftazidime tolerance, biofilm formation, and bacterial survival in the soil microcosm, B. 
pseudomallei strain K96243 and its isogenic relA and relAspoT mutants were grown in rich 
and nutrient-limited media. In nutrient-limiting conditions, both the wild type and mutants were 
up to up to 64-times more tolerant to ceftazidime than when grown in rich culture conditions. 
Moreover, the biofilm formation of all bacterial isolates tested was significantly higher under 
nutrient-limiting conditions than under nutrient-rich conditions. The relAspoT mutant produced 
less biofilm than its wild type or relA mutant under nutrient-limiting conditions. The survival of 
the relAspoT double mutant cultured in 1% moisture content soil was significantly decreased 
compared to the wild type and the relA mutant. Therefore, the Rel/SpoT protein family might 
represent a promising target for the development of novel antimicrobial agents to combat B. 
pseudomallei.  
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INTRODUCTION 
Burkholderia pseudomallei is classified by the Centers for Disease Control and Prevention 
as a category B warfare agent (Rotz et al., 2002) and is the causative agent of melioidosis, a severe 
infectious disease that is endemic in areas of Southeast Asia and Northern Australia (Wiersinga et 
al., 2012; Foong et al., 2014; Stone et al., 2014; Limmathurotsakul et al., 2016). B. pseudomallei 
is an environmental saprophyte that can be isolated from soil and water in these endemic areas. 
High rainfall, surface water, and soil moisture appear to be common factors associated with disease 
distribution in the wet tropics (Palasatien et al., 2008). A soil water content of 20% was reported 
to support B. pseudomallei survival for more than 1 year and B. pseudomallei can persist for 2 
years in soil with a water content of greater than 40%, while soil with a water content of less than 
10% led to the death of B. pseudomallei within 70 days (Tong et al., 1996). However, several 
studies reported that B. pseudomallei can remain residual and viable in dry soil (Chen et al., 2003; 
Larsen et al., 2013). This may be associated with the high incidence of disease in dry tropical area. 
Infection is thought to be acquired either through a wound in the skin, or through the inhalation of 
aerosolized bacteria. Overall, the mortality rate is ranging from 14% in northern Australia to 61.5% 
in Cambodia (Currie et al., 2010; Rammaert et al., 2014; Stone et al., 2014). B. pseudomallei 
exhibits resistance to diverse groups of antibiotics, including third-generation cephalosporins, 
penicillins, rifamycins, and aminoglycosides (Schweizer, 2012) and is relatively resistant to 
quinolones and macrolides. This limits the therapeutic options for the treatment of melioidosis 
(Wiersinga et al., 2012; Stone et al., 2014). In addition, B. pseudomallei is known to form biofilm 
and microcolonies (Kanthawong et al., 2012; Anutrakunchai et al., 2015; Mongkolrob et al., 2015; 
Puknun et al., 2016). Recently, we found that B. pseudomallei growing in a biofilm became 
tolerant to several antibiotics that planktonic bacteria were susceptible to (Sawasdidoln et al., 
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2010; Anutrakunchai et al., 2015).  In addition, nutrient-limited condition could induce biofilm 
formation and drug tolerance of B. pseudomallei (Anutrakunchai et al., 2015). However, the 
mechanisms leading to drug tolerance remain largely unknown. Therefore, the identification of 
tolerance mechanisms is important when aiming to devise new therapeutic strategies. 
Bacteria have evolved various general response mechanisms towards extracellular stresses, 
and these may also promote antibiotic tolerance (Poole, 2012). Marked antibiotic tolerance can be 
produced by starving bacteria for nutrients in the laboratory (Eng et al., 1991). Recently, the 
starvation-induced so-called stringent response has been shown to mediate antibiotic tolerance in 
nutrient-limited and in biofilm cells of Pseudomonas aeruginosa (Nguyen et al., 2011). The 
molecular hallmark of this response is the synthesis of the small molecules guanosine 5’-
diphosphate 3’-diphosphate (ppGpp) and guanosine 5’-triphosphate 3’-diphosphate  (pppGpp) – 
together denoted (p)ppGpp – by Rel/SpoT homolog (RSH) and small alarmone synthetase proteins 
(Magnusson et al., 2005; Potrykus & Cashel, 2008; Tozawa & Nomura, 2011). (p)ppGpp regulates 
many aspects of the microbial cell biology that are sensitive to changing nutrient availability, 
including growth, adaptation, secondary metabolism, survival, persistence, cell division, motility, 
biofilm formation, development, competence, and virulence (Potrykus & Cashel, 2008). However, 
the many effects of (p)ppGpp on metabolism and physiology are complex and seem to differ 
greatly among different organisms. Several studies report that deleting the relA and spoT genes of 
Salmonella typhimurium, but not relA alone, gave a complete deficiency of (p)ppGpp, resulting in 
strong attenuation in mice and non-invasiveness in vitro (Pizarro-Cerda & Tedin, 2004; Song et 
al., 2004; Thompson et al., 2006). Recently, a B. pseudomallei ΔrelAΔspoT mutant was found to 
display a defect in stationary phase survival and intracellular replication in murine macrophages. 
Moreover, the mutant was attenuated in the Galleria mellonella insect model and in both acute 
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and chronic mouse models of melioidosis (Muller et al., 2012). In this study, we further 
investigated the role of RelA and SpoT in B. pseudomallei survival, biofilm formation and drug 
tolerance during nutritional stress. Since the soil water content is another important factor affecting 
the survival of B. pseudomallei, the role of RelA and SpoT in survival kinetics of B. pseudomallei 
in soils of various water content levels was also evaluated. Our results suggest that the Rel/SpoT 
protein family might be considered when trying to develop new strategies to combat B. 
pseudomallei. 
 
MATERIALS AND METHODS 
Bacteria and growth conditions 
The wild-type B. pseudomallei K96243 and its isogenic relA and relAspoT mutants 
(Muller et al., 2012) were used. The media used in this study were Luria-Bertani broth (LB, 
CRITERION™) for nutrient-rich conditions, and modified Vogel and Bonner’s medium (Lam et 
al., 1980) containing 2 g/L glucose (0.2G MVBM) for nutrient-limiting conditions. A single 
colony of bacteria initially grown on nutrient agar (NA, CRITERION™) was inoculated into 2 ml 
of LB and 0.2G MVBM, incubated overnight at 37oC in a 200 rpm shaker-incubator and used as 
inoculum in all experiments. 
 
Growth rate measurement 
The growth rates were determined using a computerized spectrophotometric incubator 
(Varioskan Flash, Thermo Fisher Scientific, USA). B. pseudomallei K96243 wild type, relA, and 
relAspoT mutants grown in either LB or 0.2G MVBM from an overnight culture were adjusted 
to give an optical density (OD) at 540 nm of 0.1 (~1×108 CFU/ml). Two percent inocula (v/v) from 
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each medium were inoculated into fresh media. Then, 200 µl of each bacterial suspension were 
added into a sterile 96-well round-bottomed plate, with 6 replicates each. Wells containing only 
medium served as a negative control. The microtiter plates were placed in a computerized 
spectrophotometric incubator and incubated at 37°C. Growth of bacterial cells was automatically 
monitored by the computerized instrument in terms of the change in turbidity (absorbance at 540 
nm), at 60-min intervals, for a period of 72 hours. To determine the number of surviving cells, 
each bacterial suspension was taken at 0, 2, 4, 6, 8, 10, 12, 14, 16, 20, 22, 24 and 48 hours, serially 
diluted and plated in triplicate on NA plates. Colonies were counted after 24 hours of incubation 
at 37°C. The growth rate measurements were repeated on three separate occasions. 
 
Drug susceptibility test 
Ceftazidime (CAZ), the drug of choice for the treatment of melioidosis, was used in this 
study. The drug susceptibility of each bacterial strain was determined using a broth microdilution 
method and the interpretation of the results was conducted according to the criteria established by 
the Clinical and Laboratory Standards Institute (CLSI) (Clinical and Laboratory Standards 
Institute, 2009). Two percent inocula (v/v) of B. pseudomallei K96243 wild type, relA, and 
relAspoT mutant grown either in LB or 0.2G MVBM overnight were inoculated into fresh 
medium and incubated at 37°C in a 200 rpm shaker-incubator to yield stationary phase bacteria. 
The bacterial cells were further diluted to provide a final inoculum density of ~1×106 CFU/ml in 
each medium. The CAZ was 2-fold serially diluted in LB and 0.2G MVBM with a final volume 
of 50 µl in each well of the 96-well microtiter plates. Then the final inoculum (50 µl) was added 
to each well of a 96-well plate. The final concentrations of CAZ were ranging from 0.5 to 2048 
µg/ml. Wells containing only media and culture-free CAZ were included as negative controls. The 
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plates were incubated at 37°C for 24 hours. Then, the bacterial growth was examined and the 
lowest concentration of CAZ which inhibited visible growth of the bacteria was recorded as the 
minimum inhibitory concentration (MIC). Aliquots of the mixture of CAZ and bacteria which 
showed negative visible growth after the first 24 hours of incubation were inoculated onto the 
surface of NA plates. The lowest concentration of CAZ giving negative growth of the bacteria was 
recorded as the minimum bactericidal concentration (MBC). All experiments were repeated on 
three separate occasions, with triplicate determinations on each occasion. 
 
Quantification of biofilm formation 
A modified microtiter plate test was used to determine the 2-day biofilm-forming capacities 
of all isolates as previously described (Taweechaisupapong et al., 2005). Briefly, a single bacterial 
colony was inoculated into 2 ml LB and 0.2G MVBM and incubated overnight at 37°C in a 200 
rpm shaker-incubator. Then, 2% inocula (v/v) were prepared in 10 ml of each fresh medium and 
incubated overnight at 37°C in a 200 rpm shaker-incubator. After incubation, bacteria were 
adjusted to OD at 540 nm of 0.8-0.9 in fresh medium. Each bacterial suspension (200 µl) in two 
different media were added into 96-well flat-bottomed plates, with 8 replicates each. Wells 
containing only the medium served as negative control. The plates were incubated aerobically at 
37°C for 3 hours to allow adhesion. Thereafter, the supernatant fluid of each well was gently 
aspirated to remove non-adherent bacteria, and replaced with 200 µl of each fresh medium. After 
incubation at 37°C for an additional 21 hours, the non-adherent bacteria were again removed and 
the wells containing adherent bacteria were washed with 200 µl of sterilized deionized water and 
fresh media were added once more. After incubation for an additional 24 hours, the supernatants 
were again removed and the wells were finally washed three more times with 200 µl of sterilized 
8 
 
deionized water. The attached bacteria, representing a 2-day biofilm culture, were fixed with 200 
µl of 99% methanol for 15 minutes and the plates were dried at room temperature. The plates were 
stained with 200 µl of 2% Hucker crystal violet for 5 minutes. Excess stain was removed with 
running tap water. The plates were air dried and the dye bound to the adherent cells was solubilized 
with 200 µl of 33% (v/v) glacial acetic acid/well. The OD of each well was measured at 620 nm 
using a microplate reader. The ability of each isolate to produce biofilm was determined in four 
independent experiments and the results reported are the average from these four independent 
experiments. To compare the relative capacity of different isolates to produce biofilm, their OD 
values were adjusted against that produced by a strain of B. thailandensis (UE5) which had been 
randomly selected and used as reference in all experiments as previously reported 
(Taweechaisupapong et al., 2005). The corrected OD620 was calculated by the following formula: 
Corrected OD620  = OD of tested strain x (mean OD of UE5 on all plates / OD of UE5 on test plate) 
Microcosms preparation and determination of B. pseudomallei survival 
Sandy loam soil obtained from a B. pseudomallei-positive site (site 39, Ban Kai Na) in the 
Nam Phong District, Khon Kaen Province, Thailand (average moisture content 5.86%) was used 
throughout this study (Kamjumphol et al., 2015). The soil samples were sieved through a 2 mm 
sieve and dried at ambient temperature for 24 hours. Soil microcosms were prepared in flasks (250 
ml) using 100 grams of carefully mixed soil taken from the initial stock and autoclaved at 121°C 
for 15 minutes. Following sterilization, the soil was adjusted to a moisture content (MC) of 1% 
(~1 ml/100 grams soil) and 5% (~5 ml/100 grams soil) with sterile distilled water and mixed well. 
The final moisture content was determined using moisture analyser (HB43-S Halogen, Mettler 
Toledo, USA). Sterile soil, as checked by plate counting, was inoculated with 108 CFU/ml of B. 
pseudomallei K96243 wild type, relA, or relAspoT mutants by applying a drop of 200 µl of 
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each bacterial suspension over the soil in each flasks in 5 different locations (one drop per quarter-
section of the soil surface, and one drop around the centre area) and incubated statically at 30°C. 
At time 0, 1, 2, 3, 4, 5, 10, 15 and 20 weeks, soil samples were taken from individual microcosm 
and 200 ml of polyethylene glycol (PEG) - sodium deoxycholate (DOC) solution which contained 
2.5% (w/v) PEG and 0.1% (w/v) DOC (Trung et al., 2011) was added to 100 g of soil. The 
suspension was shaken (200 rpm) for 2 hours at 30°C and then allowed to settle for 5 minutes. 
Then the supernatant was taken, serially diluted, plated in triplicate on Ashdown’s agar and 
incubated for 48 hours to allow colony counting. Each assay was performed on two separate 
occasions. 
 
Statistical analysis 
The differences in biofilm formation and bacterial survival in soil microcosm among the 
tested groups were compared using GraphPad Prism 5 (GraphPad Software, Inc., San Diego, CA, 
USA). The level required for statistical significance was P < 0.05. 
 
RESULTS 
Growth rate under nutrient-rich and nutrient-limiting conditions  
The growth curves of B. pseudomallei K96243 wild type and the isogenic relA and 
relAspoT mutants grown in either LB or 0.2G MVBM are shown in Fig. 1. The measurement 
of turbidity revealed that the wild type and the relA mutant had similar growth rates in the two 
different media, while the relAspoT mutant had a longer lag phase (Fig. 1A). In nutrient-limiting 
media (0.2G MVBM), B. pseudomallei K96243 wild type and the relA mutant both grew 
exponentially and growth abruptly stopped at 14-16 hours, but afterwards, growth resumed slowly 
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and the cultures entered stationary phase. In contrast, the B. pseudomallei relAspoT double 
mutant grow exponentially and then growth gradually slowed down as cultures entered stationary 
phase. Higher OD levels with the double mutant were apparent after 22 hours when compared to 
the wild type and the relA single mutant. However, the number of surviving B. pseudomallei 
relAspoT mutant cells in nutrient-limiting media determined by colony counting assays was 
lower than in the wild type and relA mutant (Fig. 1B). 
 
Drug susceptibility and biofilm formation  
The minimal inhibitory concentration (MIC) and minimum bactericidal concentration 
(MBC) of ceftazidime (CAZ) against the panel of strains grown in different media are shown in 
Table 1. The MBC values of CAZ against all tested B. pseudomallei strains in LB medium were 
lower than those in 0.2G MVBM. Interestingly, the wild type K96243 was less susceptible to CAZ 
in 0.2G MVBM than its isogenic relA and relAspoT mutants, whereas the MBC values in LB 
against all tested bacteria were not much different. Moreover, the B. pseudomallei relA single 
mutant appeared to be less susceptible to CAZ than the relAspoT double mutant in 0.2G MVBM 
medium, but more susceptible in LB. 
The results of the quantitative microtiter-plate test showed that all tested strains of B. 
pseudomallei in LB produced statistically lower levels of biofilm (fold-change levels between 9- 
and 32-times; P < 0.001 in all cases) than those in 0.2G MVBM (Fig. 2). In addition, B. 
pseudomallei K96243 wild type produced statistically significant 1.5-fold higher levels of biofilm 
(P < 0.01) than the relAspoT double mutant in 0.2G MVBM medium. Although B. 
pseudomallei K96243 also produced 1.2-fold higher levels of biofilm than the relA mutant in 
nutrient-limiting conditions, the difference was not statistically significant. 
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Effect of soil moisture content on B. pseudomallei survival 
B. pseudomallei K96243 wild type and isogenic relA and relAspoT mutants were 
compared in terms of their ability to survive in soil with 1% and 5% moisture content over 20 
weeks (Fig. 3). The survival of B. pseudomallei wild type and mutants in soil with 1% MC was 
significantly lower than that in 5% MC soil (P < 0.01). In addition, the survival of the B. 
pseudomallei relAspoT double mutant cultured in 1% MC soil was significantly lower (P < 
0.01) than that of the wild type and relA mutant from one week of incubation onwards. 
 
DISCUSSION 
The results from this study indicate that the RelA and SpoT proteins are important for 
survival and persistence of B. pseudomallei in harsh environments such as nutrient-limitation and 
desiccation. RelA/SpoT Homologue (RSH) proteins represent a superfamily of enzymes that 
synthesize and/or hydrolyze the nucleotide alarmone ppGpp, which in turn activates the stringent 
response (Magnusson et al., 2005; Potrykus & Cashel, 2008; Tozawa & Nomura, 2011). This 
response is a conserved regulatory system for mediating the growth response to various 
environmental conditions. In the present study, we compared the growth kinetics and survival of 
wild-type B. pseudomallei strain K96243 and its isogenic relA, and relAspoT mutants in 
nutrient-rich and nutrient limiting conditions. As shown in Fig. 1A, the relAspoT double mutant 
exhibited a longer lag phase in both conditions. Our results are consistent with previous studies of 
E. coli relAspoT double mutant (ppGpp0) strains, which showed a prolong lag phase in 
isoleucine starved cultures (Traxler et al., 2008). The lag phase represents the earliest period in the 
life of a bacterial population before the start of exponential growth. It is the most poorly understood 
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stage of the bacterial growth cycle. However, it has been assumed that the lag phase allows the 
adaptation required for bacterial cells to begin to exploit new environmental conditions. Therefore, 
the extended lag phase found in the B. pseudomallei relAspoT double mutant may be due to a 
defect in the regulatory system for mediating this growth response.  
The stringent response molecule, ppGpp, triggered by nutritional deprivation, also causes 
an arrest of cell cycle in bacteria (Ferullo & Lovett, 2008). It should be noted that under nutrient-
limiting conditions, growth arrest was observed in the wild-type B. pseudomallei K96243 and the 
relA single mutant when turbidity was measured, while the relAspoT double mutant was 
noticeably impaired for arrest and a higher OD level was apparent after 22 hours when compared 
to the wild type and the relA mutant (Fig. 1A). The higher OD values of the relAspoT double 
mutant after 22 hours observed in this study may be due to the defect in the stringent response, 
which leads to a prolonged period of growth arrest. This is in agreement with the suggestion that 
ppGpp mutants in general are unable to modulate their growth rates and prepare for stationary 
phase (Magnusson et al., 2005). Our results also indicate that SpoT contributes to ppGpp synthesis 
in the relA single mutant, thereby enabling a similar growth pattern as observed in the wild type. 
In this study, although the B. pseudomallei relAspoT mutant had a longer lag phase in 
rich media, the number of viable cells in both the lag and the exponential phase was not different 
from that of the wild type and relA mutant, suggesting that ppGpp-synthesizing enzymes may 
not play a role during the lag and exponential growth phases in nutrient-rich conditions. In contrast, 
the relAspoT double mutant showed a rapid loss in viable, colony-forming units (CFU) in 
nutrient limiting conditions (Fig. 1B), indicating that both growth as well as survival mechanisms 
were affected. Our results are consistent with previous studies in B. pseudomallei and other 
bacteria, which showed that lack of ppGpp-synthesizing enzymes leads to a defect in survival 
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(Primm et al., 2000; Gaynor et al., 2005; Mouery et al., 2006; Muller et al., 2012). In addition, 
several studies reported that bacteria alter their morphology from rod-like to coccoid or reduce 
their cell size upon starvation (Baker et al., 1983; Kjelleberg et al., 1993; Chen et al., 2009), which 
represents one of the starvation survival patterns of bacteria. However, our previous study 
demonstrated that the morphology of relAspoT double mutant cells in stationary phase in LB 
cultures appeared slightly bigger on average or had formed filaments of various lengths, which 
differed from that of wild-type cells (Muller et al., 2012). These results indicate that the 
relAspoT double mutant is unable to decrease its cell size in response to nutrient deprivation 
upon entry into stationary phase. The filamentous morphology of B. pseudomallei the relAspoT 
double mutant demonstrated previously is consistent with several studies using E. coli relAspoT 
double mutants (Xiao et al., 1991; Magnusson et al., 2007; Traxler et al., 2008), and might 
contribute to the reduced survival observed in nutrient-limiting conditions of this study (Fig. 1B).  
Biofilm formation is an important strategy for bacterial survival in hostile environments or 
in vivo during infections. Several studies indicate that the stringent response promotes biofilm 
formation in many bacteria (Balzer & McLean, 2002; He et al., 2012; Sugisaki et al., 2013). In 
this study, the role of the stringent response in B. pseudomallei biofilm formation was similar to 
those reported in other bacteria. The B. pseudomallei relAspoT mutant had a significantly 
reduced ability to form biofilms under nutrient-limiting conditions compared to the wild type (P < 
0.01), although the mutant was not completely deficient in biofilm formation. Moreover, a lower 
level of antibiotic tolerance was observed with both B. pseudomallei mutants under nutrient-
limiting conditions compared to the wild type, which is in accordance with previous report in 
Pseudomonas aeruginosa (Nguyen et al., 2011).  Nguyen et al. showed that nutrient-limited 
planktonic cells and biofilm cells of P.aeruginosa that are defective in the relA and spoT genes 
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were markedly less antimicrobial-tolerant than their wild-type counterparts. Their study indicated 
that the increased antimicrobial susceptibility of a relAspoT mutant in P. aeruginosa is related 
to increased oxidative stress. The increase in hydroxyl radical formation and oxidative stress in 
relAspoT cells was linked to increased production of pro-oxidant 4-hydroxy-2-alkylquinoline 
molecules and reduced levels of catalase and superoxide dismutase activity (Nguyen et al., 2011). 
However, quantification of biofilm formation of wild type and relAspoT mutant was not 
conducted in the study of Nguyen et al.. In the present study, lower level of biofilm formation 
observed in B. pseudomallei mutants under nutrient-limiting conditions was related to decreased 
antimicrobial tolerance compared to the wild type. These results highlight the importance of 
biofilm recalcitrance toward antibiotics. 
B. pseudomallei is a difficult organism to kill. For example, the bacteria can survive in 
triple distilled water for years (Wuthiekanun et al., 1995; Pumpuang et al., 2011). The unusual 
ability of B. pseudomallei to survive from months to years in distilled water, as well as the 
unusually long environmental persistence in soil, makes treatment and remediation of 
environments contaminated with B. pseudomallei extremely challenging. Several studies reported 
that B. pseudomallei can remain residual and viable in dry soil (Chen et al., 2003; Larsen et al., 
2013). However, some studies showed that B. pseudomallei strains isolated from soil and water in 
China and Taiwan survived in desiccated soil only up to 30 days, and some clinical strains did not 
survive for longer than ca. 25 days at a soil MC of 5% (Tong et al., 1996; Chen et al., 2003). Here, 
the role of RelA and SpoT in survival kinetics of B. pseudomallei in soils with MC of 1% and 5% 
was evaluated. The results revealed that B. pseudomallei exposed in this study remained viable in 
1% and 5% MC soil for at least 20 weeks, although the survival of the relA spoT double mutant 
cultured in 1% MC soil was significantly less than that of the wild type and the relA mutant after 
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the first week of incubation (Fig. 3). Our results are similar to those reported by Larsen et al. 
(Larsen et al., 2013). However, this is in contrast to results for B. pseudomallei strains studied in 
China and Taiwan (Tong et al., 1996; Chen et al., 2003). Tong et al. (Tong et al., 1996) reported 
that soil with a water content of less than 10% led to the death of B. pseudomallei within 70 days, 
while soil with a water content of more than 40% maintained bacterial survival for 726 days. Chen 
et al. (Chen et al., 2003) concluded that B. pseudomallei could survive extended periods in soil 
only at a minimum 15% water content. This apparent discrepancy may be the result of 
methodological differences as well as differences in the strain background of the bacteria.  
Taken as a whole, this study provides new insights into the role of the stringent response 
of B. pseudomallei in survival, biofilm formation and drug tolerance during nutritional stress, as 
well as the survival kinetics in soils of various moisture contents. Recently, Relacin, a novel ppGpp 
analogue, was shown to inhibit RelA and Rel/Spo proteins (Wexselblatt et al., 2012). Relacin 
affects entry into stationary phase in Gram positive bacteria and leads to cell death, inhibits 
sporulation and biofilm formation, placing it as an attractive new antibacterial agent. The findings 
of this study supported the role of Rel/SpoT in B. pseudomallei survival strategies and suggest that 
the Rel/SpoT may represent a promising target for the development of agents to combat B. 
pseudomallei. 
 
Acknowledgements 
This work was supported by the Thailand Research Fund through the Royal Golden Jubilee 
Ph.D. Program (Grant no. PHD/0351/2551 to CA and ST), the Higher Education Research 
Promotion and National Research University Project of Thailand, Office of the Higher Education 
Commission, through the Health Cluster (SHeP-GMS), and Khon Kaen University. 
16 
 
 
REFERENCES 
Anutrakunchai, C., Sermswan, R.W., Wongratanacheewin, S., Puknun, A. & Taweechaisupapong, 
S. (2015). Drug susceptibility and biofilm formation of Burkholderia pseudomallei in 
nutrient-limited condition. Tropical Biomedicine 32: 300-309. 
Baker, R.M., Singleton, F.L. & Hood, M.A. (1983). Effects of nutrient deprivation on Vibrio 
cholerae. Applied and Environmental Microbiology 46: 930-940. 
Balzer, G.J. & McLean, R.J. (2002). The stringent response genes relA and spoT are important for 
Escherichia coil biofilms under slow-growth conditions. Canadian Journal of Microbiology 
48: 675-680. 
Chen, S.Y., Jane, W.N., Chen, Y.S. & Wong, H.C. (2009). Morphological changes of Vibrio 
parahaemolyticus under cold and starvation stresses. International Journal of Food 
Microbiology 129: 157-165. 
Chen, Y.S., Chen, S.C., Kao, C.M. & Chen, Y.L. (2003). Effects of soil pH, temperature and water 
content on the growth of Burkholderia pseudomallei. Folia Microbiologica 48: 253-256. 
Clinical and Laboratory Standards Institute. (2009). Methods for dilution antimicrobial 
susceptibility tests for bacteria that grow aerobically. M7-A8. CLSI, Wayne, PA. 
Currie, B.J., Ward, L. & Cheng, A.C. (2010). The epidemiology and clinical spectrum of 
melioidosis: 540 cases from the 20 year Darwin prospective study. PLoS Neglected Tropical 
Diseases 4: e900. 
Eng, R.H., Padberg, F.T., Smith, S.M., Tan, E.N. & Cherubin, C.E. (1991). Bactericidal effects of 
antibiotics on slowly growing and nongrowing bacteria. Antimicrobial Agents and 
Chemotherapy 35: 1824-1828. 
17 
 
Ferullo, D.J. & Lovett, S.T. (2008). The stringent response and cell cycle arrest in Escherichia 
coli. PLoS Genetics 4: e1000300. 
Foong, Y.C., Tan, M. & Bradbury, R.S. (2014). Melioidosis: a review. Rural and Remote Health 
14: 2763. 
Gaynor, E.C., Wells, D.H., MacKichan, J.K. & Falkow, S. (2005). The Campylobacter jejuni 
stringent response controls specific stress survival and virulence-associated phenotypes. 
Molecular Microbiology 56: 8-27. 
He, H., Cooper, J.N., Mishra, A. & Raskin, D.M. (2012). Stringent response regulation of biofilm 
formation in Vibrio cholerae. Journal of Bacteriology 194: 2962-2972. 
Kamjumphol, W., Chareonsudjai, P., Taweechaisupapong, S. & Chareonsudjai, S. (2015). 
Morphological Alteration and Survival of Burkholderia pseudomallei in Soil Microcosms. 
American Journal of Tropical Medicine and Hygiene 93: 1058-1065. 
Kanthawong, S., Bolscher, J.G., Veerman, E.C., van Marle, J., de Soet, H.J., Nazmi, K., 
Wongratanacheewin, S. & Taweechaisupapong, S. (2012). Antimicrobial and antibiofilm 
activity of LL-37 and its truncated variants against Burkholderia pseudomallei. International 
Journal of Antimicrobial Agents 39: 39-44. 
Kjelleberg, S., Albertson, N., Flardh, K., Holmquist, L., Jouper-Jaan, A., Marouga, R., Ostling, J., 
Svenblad, B. & Weichart, D. (1993). How do non-differentiating bacteria adapt to starvation? 
Antonie van Leeuwenhoek 63: 333-341. 
Lam, J., Chan, R., Lam, K. & Costerton, J.W. (1980). Production of mucoid microcolonies by 
Pseudomonas aeruginosa within infected lungs in cystic fibrosis. Infection and Immunity 28: 
546-556. 
18 
 
Larsen, E., Smith, J.J., Norton, R. & Corkeron, M. (2013). Survival, sublethal injury, and recovery 
of environmental Burkholderia pseudomallei in soil subjected to desiccation. Applied and 
Environmental Microbiology 79: 2424-2427. 
Limmathurotsakul, D., Golding, N., Dance, D.A., Messina, J.P., Pigott, D.M., Moyes, C.L., Rolim, 
D.B., Bertherat, E., Day, N.P., Peacock, S.J. & Hay, S.I. (2016). Predicted global distribution 
of Burkholderia pseudomallei and burden of melioidosis. Nature Microbiology 1: 15008. 
Magnusson, L.U., Farewell, A. & Nystrom, T. (2005). ppGpp: a global regulator in Escherichia 
coli. Trends in Microbiology 13: 236-242. 
Magnusson, L.U., Gummesson, B., Joksimovic, P., Farewell, A. & Nystrom, T. (2007). Identical, 
independent, and opposing roles of ppGpp and DksA in Escherichia coli. Journal of 
Bacteriology 189: 5193-5202. 
Mongkolrob, R., Taweechaisupapong, S. & Tungpradabkul, S. (2015). Correlation between 
biofilm production, antibiotic susceptibility and exopolysaccharide composition in 
Burkholderia pseudomallei bpsI, ppk, and rpoS mutant strains. Microbiology and Immunology 
59: 653-663. 
Mouery, K., Rader, B.A., Gaynor, E.C. & Guillemin, K. (2006). The stringent response is required 
for Helicobacter pylori survival of stationary phase, exposure to acid, and aerobic shock. 
Journal of Bacteriology 188: 5494-5500. 
Muller, C.M., Conejero, L., Spink, N., Wand, M.E., Bancroft, G.J. & Titball, R.W. (2012). Role 
of RelA and SpoT in Burkholderia pseudomallei virulence and immunity. Infection and 
Immunity 80: 3247-3255. 
Nguyen, D., Joshi-Datar, A., Lepine, F., Bauerle, E., Olakanmi, O., Beer, K., McKay, G., Siehnel, 
R., Schafhauser, J., Wang, Y., Britigan, B.E. & Singh, P.K. (2011). Active starvation 
19 
 
responses mediate antibiotic tolerance in biofilms and nutrient-limited bacteria. Science 334: 
982-986. 
Palasatien, S., Lertsirivorakul, R., Royros, P., Wongratanacheewin, S. & Sermswan, R.W. (2008). 
Soil physicochemical properties related to the presence of Burkholderia pseudomallei. 
Transactions of the Royal Society of Tropical Medicine and Hygiene 102 Suppl 1: S5-9. 
Pizarro-Cerda, J. & Tedin, K. (2004). The bacterial signal molecule, ppGpp, regulates Salmonella 
virulence gene expression. Molecular Microbiology 52: 1827-1844. 
Poole, K. (2012). Bacterial stress responses as determinants of antimicrobial resistance in Gram-
negative bacteria. Journal of Antimicrobial Chemotherapy 67: 2069-2089. 
Potrykus, K. & Cashel, M. (2008). (p)ppGpp: still magical? Annual Review of Microbiology 62: 
35-51. 
Primm, T.P., Andersen, S.J., Mizrahi, V., Avarbock, D., Rubin, H. & Barry, C.E., 3rd. (2000). The 
stringent response of Mycobacterium tuberculosis is required for long-term survival. Journal 
of Bacteriology 182: 4889-4898. 
Puknun, A., Kanthawong, S., Anutrakunchai, C., Nazmi, K., Tigchelaar, W., Hoeben, K.A., 
Veerman, E.C., Bolscher, J.G. & Taweechaisupapong, S. (2016). Ultrastructural effects and 
antibiofilm activity of LFchimera against Burkholderia pseudomallei. World Journal of 
Microbiology and Biotechnology 32: 33. 
Pumpuang, A., Chantratita, N., Wikraiphat, C., Saiprom, N., Day, N.P., Peacock, S.J. & 
Wuthiekanun, V. (2011). Survival of Burkholderia pseudomallei in distilled water for 16 
years. Transactions of the Royal Society of Tropical Medicine and Hygiene 105: 598-600. 
20 
 
Rammaert, B., Goyet, S. & Tarantola, A. (2014). Melioidosis requires better data sharing for 
improved diagnosis and management in the Mekong region. American Journal of Tropical 
Medicine and Hygiene 90: 383. 
Rotz, L.D., Khan, A.S., Lillibridge, S.R., Ostroff, S.M. & Hughes, J.M. (2002). Public health 
assessment of potential biological terrorism agents. Emerging Infectious Diseases 8: 225-230. 
Sawasdidoln, C., Taweechaisupapong, S., Sermswan, R.W., Tattawasart, U., Tungpradabkul, S. & 
Wongratanacheewin, S. (2010). Growing Burkholderia pseudomallei in biofilm stimulating 
conditions significantly induces antimicrobial resistance. PLoS ONE 5: e9196. 
Schweizer, H.P. (2012). Mechanisms of antibiotic resistance in Burkholderia pseudomallei: 
implications for treatment of melioidosis. Future Microbiology 7: 1389-1399. 
Song, M., Kim, H.J., Kim, E.Y., Shin, M., Lee, H.C., Hong, Y., Rhee, J.H., Yoon, H., Ryu, S., 
Lim, S. & Choy, H.E. (2004). ppGpp-dependent stationary phase induction of genes on 
Salmonella pathogenicity island 1. Journal of Biological Chemistry 279: 34183-34190. 
Stone, J.K., DeShazer, D., Brett, P.J. & Burtnick, M.N. (2014). Melioidosis: molecular aspects of 
pathogenesis. Expert Review of Anti-Infective Therapy 12: 1487-1499. 
Sugisaki, K., Hanawa, T., Yonezawa, H., Osaki, T., Fukutomi, T., Kawakami, H., Yamamoto, T. 
& Kamiya, S. (2013). Role of (p)ppGpp in biofilm formation and expression of filamentous 
structures in Bordetella pertussis. Microbiology 159: 1379-1389. 
Taweechaisupapong, S., Kaewpa, C., Arunyanart, C., Kanla, P., Homchampa, P., Sirisinha, S., 
Proungvitaya, T. & Wongratanacheewin, S. (2005). Virulence of Burkholderia pseudomallei 
does not correlate with biofilm formation. Microbial Pathogenesis 39: 77-85. 
Thompson, A., Rolfe, M.D., Lucchini, S., Schwerk, P., Hinton, J.C. & Tedin, K. (2006). The 
bacterial signal molecule, ppGpp, mediates the environmental regulation of both the invasion 
21 
 
and intracellular virulence gene programs of Salmonella. Journal of Biological Chemistry 
281: 30112-30121. 
Tong, S., Yang, S., Lu, Z. & He, W. (1996). Laboratory investigation of ecological factors 
influencing the environmental presence of Burkholderia pseudomallei. Microbiology and 
Immunology 40: 451-453. 
Tozawa, Y. & Nomura, Y. (2011). Signalling by the global regulatory molecule ppGpp in bacteria 
and chloroplasts of land plants. Plant Biology (Stuttg) 13: 699-709. 
Traxler, M.F., Summers, S.M., Nguyen, H.T., Zacharia, V.M., Hightower, G.A., Smith, J.T. & 
Conway, T. (2008). The global, ppGpp-mediated stringent response to amino acid starvation 
in Escherichia coli. Molecular Microbiology 68: 1128-1148. 
Trung, T.T., Hetzer, A., Topfstedt, E., Gohler, A., Limmathurotsakul, D., Wuthiekanun, V., 
Peacock, S.J. & Steinmetz, I. (2011). Improved culture-based detection and quantification of 
Burkholderia pseudomallei from soil. Transactions of the Royal Society of Tropical Medicine 
and Hygiene 105: 346-351. 
Wexselblatt, E., Oppenheimer-Shaanan, Y., Kaspy, I., London, N., Schueler-Furman, O., Yavin, 
E., Glaser, G., Katzhendler, J. & Ben-Yehuda, S. (2012). Relacin, a novel antibacterial agent 
targeting the Stringent Response. PLoS Pathogens 8: e1002925. 
Wiersinga, W.J., Currie, B.J. & Peacock, S.J. (2012). Melioidosis. New England Journal of 
Medicine 367: 1035-1044. 
Wuthiekanun, V., Smith, M.D. & White, N.J. (1995). Survival of Burkholderia pseudomallei in 
the absence of nutrients. Transactions of the Royal Society of Tropical Medicine and Hygiene 
89: 491. 
22 
 
Xiao, H., Kalman, M., Ikehara, K., Zemel, S., Glaser, G. & Cashel, M. (1991). Residual guanosine 
3',5'-bispyrophosphate synthetic activity of relA null mutants can be eliminated by spoT null 
mutations. Journal of Biological Chemistry 266: 5980-5990. 
 
 
  
23 
 
Table 1. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration 
(MBC) of ceftazidime against B. pseudomallei K96243 wild type and relA, and relAspoT 
mutants in nutrient-rich (LB) and nutrient-limited conditions (0.2G MVBM). 
Isolate 
LB 0.2G MVBM 
MIC 
(µg/ml) 
MBC 
(µg/ml) 
MIC 
(µg/ml) 
MBC 
(µg/ml) 
K96243 4 8 2 512 
∆relA 4 4 2 256 
∆relA∆spoT 4 8 2 128 
 
LB : Luria-Bertani broth ,  MVBM : modified Vogel and Bonner’s medium, 
0.2G MVBM : modified Vogel and Bonner’s medium containing 2g/L glucose. 
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Figure 1.  (A) Growth curves of B. pseudomallei K96243 wild type and isogenic relA and 
relAspoT mutants in Luria-Bertani broth (LB; nutrient-rich) and modified Vogel and Bonner’s 
medium  containing 2g/L glucose (0.2G MVBM; nutrient-limited) monitored by a computerized 
spectrophotometric incubator in terms of changes in turbidity at the indicated time points. Data are 
the mean value of three independent experiments carried out in six replicates. (B) Survival of the 
strains determined by colony culturing assay at the indicated time points. Data are the mean value 
of three independent experiments carried out in triplicate. 
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Figure 2.  Biofilm-forming capacity of B. pseudomallei K96243 wild type and isogenic relA and 
relAspoT mutants in Luria-Bertani broth (LB; nutrient-rich) and modified Vogel and Bonner’s 
medium containing 2g/L glucose (0.2G MVBM; nutrient-limited) relative to a reference strain for 
standardisation.  Data are the mean value of four independent experiments carried out in eight 
replicates. 
*P < 0.001 compared to B. pseudomallei K96243 wild type cultured in 0.2G MVBM  
**P < 0.001 compared to the B. pseudomallei relA mutant cultured in 0.2G MVBM  
***P < 0.001 compared to the B. pseudomallei relAspoT mutant cultured in 0.2G MVBM  
#P < 0.01 compared to B. pseudomallei K96243 wild type cultured in 0.2G MVBM 
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Figure 3.  Survival of B. pseudomallei K96243 wild type and isogenic relA and relAspoT 
mutants in 1% and 5% moisture content (MC) soil over 20 weeks. Data are the mean value of two 
independent experiments. 
*P < 0.01 compared to B. pseudomallei K96243 wild type in 1 % MC 
 
